BspA is a non-covalently anchored cystine-binding protein from Lactobacillus fermentum BR11. It has previously been used to present antigens derived from infectious organisms on the L. fermentum BR11 cell surface. In this study, the capacity of BspA to present a very large polypeptide was tested. A temperature sensitive plasmid was constructed that encodes a 175-kDa chimeric protein consisting of a fusion between BspA and an N-terminally truncated derivative of the Streptococcus salivarius ATCC 25975 glucosyltransferase GtfJ. This plasmid was introduced into the L. fermentum genome. Integrants were able to incorporate 20^40 nmol sucrose derived glucose into glucan per ml culture per optical density unit. The glucosyltransferase activity was external to the cytoplasmic membrane and bound to the cell. Unlike native BspA, the BspA^GtfJ fusion could not be removed from the cell by 5 M LiCl wash. ß
Introduction
In recent years there has been interest in the development of methods for the expression of heterologous protein expression in lactic acid bacteria and their relatives [1] . Potential applications include the construction of live vaccines and recombinant probiotics, and the in vitro production of recombinant proteins. In many of these studies, the heterologous molecules have been designed to be presented at the cell surface. Most reported methods have made use of either the C-terminal cell wall anchoring motif LPXTG or S-layer subunits [1^5] BspA is a surface-located protein from Lactobacillus fermentum BR11 [6, 7] . Sequence comparisons have shown that BspA is a member of family III of the solute-binding proteins as de¢ned by Tam and Saier [8] . Most solutebinding proteins in Gram-positive bacteria are lipoproteins [9] . BspA is unusual in that it is not a lipoprotein and is apparently attached to the cell envelope by electrostatic interactions. BspA negative mutants are unable to uptake cystine and are sensitive to oxygen, and the current model is that BspA is a cystine-binding protein. Close homologues of BspA have been implicated in interactions with extracellular matrix proteins, and it may be that BspA is also an adhesin [10] .
BspA is naturally expressed at a high level and can be removed from cells by washing with 5 M LiCl [6] , suggesting that it has potential as a surface expression vector for either in vivo or in vitro use. Indeed, small antigenic peptides from Chlamydia psittaci and HIV have been expressed as C-terminal BspA fusions in L. fermentum BR11 [11] . In these experiments, the fusion gene constructs were integrated into the genome via homologous recombination, resulting in expression of the fusion being driven by the native promoter. The fusions were expressed at the same level as wild-type BspA.
In this study, the capacity of BspA to present a large heterologous enzyme on the L. fermentum BR11 cell surface was tested. The GtfJ glucosyltransferase (GTF) from Streptococcus salivarius ATCC 25975 was used as the model enzyme. This 160-kDa protein synthesises an insoluble glucan from sucrose [12] . In its native form it possesses no cell envelope attachment domains and is secreted into the environment. The N-terminal domains of streptococcal GTFs are highly variable and not essential for activity. Here we report the replacement with BspA of the 162 N-terminal residues of GtfJ and expression of the fusion protein in L. fermentum BR11.
Materials and methods
2.1. Strains, plasmid vectors and growth conditions L. fermentum BR11 is a guinea pig vaginal isolate described previously [13] . The parent strain and recombinant derivatives were grown using solid or liquid deMann Rogosa Sharpe medium (Oxoid) for 18^36 h under anaerobic conditions at 37 ‡C unless otherwise stated. The medium was supplemented with erythromycin (10 Wg ml 31 ) when required. Escherichia coli JM109 [14] and recombinant derivatives were grown in Luria^Bertani medium [15] 18^24 h at 37 ‡C. The medium was supplemented with ampicillin (100 Wg ml 31 ) or erythromycin (500 Wg ml 31 ) as appropriate. Plasmid pUC19 has been described previously [14] . The PCR product cloning vector pGEM 0 -T was obtained from Promega. The temperature sensitive integration vector pJRS233 encodes replicons from pG þ host4 and pSC101 [16] . The pG þ host4-derived replicon is broad host range and temperature sensitive while the pSC101-derived replicon is E. coli speci¢c and fully active at 37 ‡C. The source of the S. salivarius gtfJ gene was plasmid pGS101, which has been described previously [12] .
Construction of recombinant plasmids
The fusion gene was constructed such that the BspA moiety was truncated by 23 residues at the C-terminus and the GtfJ moiety was truncated by 162 residues at the N-terminus. The fusion gene product was 175 kDa and composed of 1585 amino acids of which the N-terminal 222 are derived from BspA. The integration plasmid pPNG502 was designed such that the homologous recombination into the L. fermentum BR11 genome would place expression of the fusion gene under the control of the native bspA promoter (Fig. 1 ). This strategy has previously been used to express heterologous antigens as BspA fusions [11] .
The truncated bspA was ampli¢ed from plasmid pMFT1 [6] using primers of sequence 5P-CAGAGTCGATAT-CCGGAAAGTCAACTATT-3P (forward) and 5P-AAGG-CGCCTTAAATTTTGGCTGGTTTTT-3P (reverse). The forward primer introduced a NarI site into the ampli¢ed sequence and annealed 657 bp upstream of the 5P end of the bspA coding sequence. The reverse primer introduced a SacI site into the ampli¢ed sequence. PCR reagents were the Expand1 High Fidelity System (Roche), which was used according to the manufacturer's instructions. The PCR product was cloned into pGEM 0 -T, then excised by cleavage with NarI and SacI. The truncated gtfJ was excised from plasmid pGS101 [12] by cleavage with Nar1 and BamH1. The bspA and gtfJ fragments were then ligated to SacI/BamHI cleaved pUC19 to yield pPNG402. To transfer the fusion construct to pJRS233, pPNG402 was cleaved with SacI, blunt ended with Klenow polymerase, then cleaved with XbaI. The insert was puri¢ed and ligated to XbaI/EcoRV cleaved pJRS233 to yield pPNG502 (Fig. 1) .
Routine plasmid puri¢cation and ligation procedures were as described by Sambrook et al. [15] . All restriction enzymes, T4 DNA ligase and Klenow polymerase were obtained from Boehringer Mannheim. Puri¢cation of restriction fragments from agarose gels was carried out using a QIAgen gel puri¢cation kit (Qiagen).
L. fermentum BR11 transformation and plasmid integration
L. fermentum BR11 was transformed by the method of Rush et al. [13] with modi¢cations as described by Turner et al. [11] . Colonies that grew were con¢rmed to be transformants by amplifying the fusion between bspA and gtfJ by the PCR using primers of sequence 5P-TTAGTT-GCGGGGTTAGG-3P and 5P-CATAAAGAAGGGCAC-CAC-3P. Template for this reaction was prepared by boiling a loopful of cells in 100 Wl of water for 5 min.
GTF detection and measurement
GTF activity was detected by activity staining SDSP AGE gels. Bacterial cells (both L. fermentum and E. coli) were resuspended in 10% of the original culture volume in 20 mM triethanolamine-Cl (Sigma), pH 6.5 and sonicated with a Torbeo-36810 ultrasonic cell disruptor (Cole Palmer) in three bursts of 20 s using a RMS of 9 W. Sonicated cells were mixed with equal volume of sample bu¡er (4% SDS, 0.2% bromophenol blue, 20% glycerol in 100 mM Tris^HCl, pH 6.8) and boiled for 5 min before being loaded on a 5% SDS^PAGE gel. The samples were then electrophoresed at 100 V for 100 min at 4 ‡C. To stain for GTF activity, the gel was equilibrated with 50 mM Tris^HCl, pH 7.5 (3 bu¡er changes, 30 min between each change), then incubated in 1% sucrose, 1% Triton-X 100 and 0.04% dextran T-10 in 50 mM sodium phosphate bu¡er, pH 6.5 at 37 ‡C for 18 h. Bands of synthesised glucan were visualised by the periodic acid Schi¡ (PAS) stain [17] . The glucan was precipitated in 75% ethanol for 30 min, oxidised in 0.7% periodic acid in 5% acetic acid for 60 min, then incubated with 0.2% sodium metabisul¢te in 5% acetic acid for 60 min. The gel was then incubated in Schi¡'s reagent (ICN) for 60 min, then in 0.5% potassium metabisul¢te, 5% acetic acid, 40% methanol until the colour was fully developed. Destaining was in 5% acetic acid, 40% methanol. All incubations were at room temperature with occasional agitation.
A qualitative microplate-based assay made use of the GTF-mediated release of the reducing sugar fructose from sucrose. Samples were incubated for 1 h at 37 ‡C in 50 Wl sodium phosphate bu¡er (pH 6.4) containing 1% sucrose, 0.04% dextran T-10 and 1% Triton X-100. Fifty Wl 1% triphenyltetrazolium chloride (TTC) in 1 N NaOH was then added. Development of an intense red colour indicated the presence of reducing sugar.
GTF activities were quantitated using a labelled sucrose assay similar to that described by Jacques [18] . Late exponential phase cultures were harvested and resuspended in 330 mM potassium phosphate bu¡er pH 6.0 to an optical density OD 600 of 2.0. The assay mixture contained 700 Wl of 30 mM NaF, 0.14% Tween-80, and 0.3 mM histidine in 330 mM potassium phosphate bu¡er pH 6.0, 100 Wl 0.2% dextran T-10, 700 Wl of whole or sonicated cells and 500 Wl 40 mM sucrose labelled with 14 C (50 kBq/ assay) in the glucose moiety (NEN, Boston, MA, USA). The mixture was incubated at 37 ‡C for 60 min. Glucan synthesised was precipitated with 7 ml of 100% ethanol, then collected on GF/B (Whatman) ¢lters using a vacuum manifold. The ¢lters were washed with 10 ml 75% ethanol, dried, then subjected to scintillation counting. Units of activity were de¢ned as Wmol glucose incorporated into glucan/minute.
Results and discussion
The BspA^GtfJ fusion encoding plasmids pPNG402 and pPNG502 were constructed as described in Sec. 2. Sonicates of the E. coli JM109-derived strains harbouring these plasmids were tested for GTF expression by SDSP AGE, followed by activity staining. Extracts from both strains produced substantial quantities of glucan ( Fig. 2A) . This demonstrates that the replacement of the N-terminal 162 residues of GtfJ with BspA yields a chimeric enzyme with GTF activity.
L. fermentum BR11 was transformed with pPNG502. Four strains were obtained that possessed the bspA^gtfJ junction as determined by PCR. Integrants were selected by propagation at 40 ‡C. Sonicates of these were tested for GTF activity by SDS^PAGE, followed by activity staining. It can be seen in Fig. 2B that all L. fermentum strains tested including the BR11 wild-type yielded bands of PAS reactive material. None of these bands appeared if sucrose was omitted from the sucrose bu¡er (data not shown), indicating that the stainable material is sucrose derived rather than glycoprotein. It was therefore concluded that all the L. fermentum strains tested express one or more glycosyltranferases. Expression of GTF activity by wildtype L. fermentum BR11 is not unexpected as it has been found that several strains of the closely related species Lactobacillus reuteri express both GTFs and fructosyltransferases [19] .
The extracts from the integrants yielded very intense bands of glucan synthesis that were not present in the lane corresponding to the parent. Additionally, when this and similar gels were observed after incubation with sucrose and prior to PAS staining, a precipitate was visible in the lanes corresponding to the integrants (data not shown). This was not observed with the parent strain, and is consistent with the insoluble nature of the GtfJ glucan product. There was no detectable activity in the spent culture £uid from any of the strains. It was concluded that the integrant strains express the BspA^GtfJ fusion and that the activity is associated with the cells and not secreted. The transformants were unable to synthesise these bands prior to growth at 40 ‡C, indicating that expression of the BspA^GtfJ fusion is dependent upon integration into the genome (data not shown).
The native form of BspA is a major constituent of 5 M LiCl extracts of L. fermentum BR11 whole cells, and the addition of small peptides to the C-terminus has previously been shown to have no visible e¡ect on the LiCl extractability [6, 11] . It was found, however, that LiCl extracts of the BspA^GtfJ expressing cells did not contain appreciable GTF activity. A likely explanation for this is that the extractability is a function of the relationship between the size of the BspA derivative and the pore size in the cell wall, and that the BspA^GtfJ fusion is trapped within the peptidoglycan network even when the electrostatic interactions are disrupted.
The GTF activities of the integrants were quantitated. Cultures were found to possess between 20 and 40 mU ml 31 OD 31 unit. This is approximately the same amount of GTF activity expressed by S. salivarius ATCC 25975 [20] , which is known to be a high level producer of glucan. No activity was detectable in extracts of the parent strain. This analysis was carried out on both whole and sonicated cells, and essentially identical results were obtained. This demonstrated that the BspA^GtfJ fusion is expressed external to the cytoplasmic membrane. In order to exclude the possibility that cell lysis occurs during GTF assays and active intracellular BspA^GtfJ fusion protein is released, the cells were incubated at 37 ‡C for 1 h in the assay bu¡er minus sucrose and dextran T-10, then pelleted by centrifugation. The cells were resuspended in the assay bu¡er to the same cell density and then the cells and supernatant were immediately tested for GTF activity using the microplate based TTC assay. The cells gave a very strong reaction : the TTC was reduced to a deep and intense red colour, and there was no detectable activity in the supernatant. It was concluded that the recombinant lactobacillus cells are stable in the GTF assay bu¡er, and the BspAĜ tfJ fusion is indeed expressed extracellularly. The inability to detect GTF activity expressed by the parent strain using the radiolabelled sucrose assay may be explained by the speci¢city of the PAS stain. Insoluble glucans with K(1^3) linkages are not oxidised by periodic acid and are therefore poorly stained with Schi¡ reagent. Since GtfJ forms a predominantly insoluble K(1^3) linked product [21] , the very intense bands formed by the BspAĜ tfJ fusion expressing strains indicate a much higher level of glucan synthesis than the parent.
In conclusion, we have demonstrated that the cystinebinding protein BspA may be used to present a very large polysaccharide synthesising enzyme in the L. fermentum cell envelope.
